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q1 → q0 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ8 x ∈ G10
q8 → q6 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ7 x ∈ G86
q6 → q1 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ10 x ∈ G61
q1 → q12 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ11 x ∈ G11
q12 → q2 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ12 x ∈ G122
q2 → q9 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ13 x ∈ G29
q9 → q4 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ14 x ∈ G94
q4 → q3 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ15 x ∈ G43
q12 → q2 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ16 x ∈ G122
q1 → q6 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 0 ∧ σ = σ17 x ∈ G16
q6 → q8 i0 = 0 ∧ Cvc1 = 0 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ18 x ∈ G68
q8 → q3 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 0 ∧ Cvc3 = 0 ∧ σ = σ19 x ∈ G83
q3 → q4 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ20 x ∈ G34
q3 → q4 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ21 x ∈ G49
q9 → q2 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 0 ∧ σ = σ22 x ∈ G92
q2 → q5 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ23 x ∈ G25
q5 → q2 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ24 x ∈ G52
q12 → q11 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ25 x ∈ G1211
q11 → q6 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ26 x ∈ G34
q6 → q13 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ27 x ∈ G34
q13 → q3 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ28 x ∈ G133
q3 → q14 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ29 x ∈ G314
q14 → q9 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ30 x ∈ G149
q9 → q7 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ31 x ∈ G97
q7 → q12 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ32 x ∈ G712
q3 → q13 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ33 x ∈ G313
q13 → q6 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 0 ∧ σ = σ34 x ∈ G136
q6 → q11 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ35 x ∈ G611
q11 → q15 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ36 x ∈ G1115
q5 → q11 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ37 x ∈ G511
q7 → q9 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 0 ∧ Cvc3 = 0 ∧ σ = σ38 x ∈ G679
q7 → q3 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ39 x ∈ G73
q14 → q15 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ40 x ∈ G1415
q15 → q13 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ41 x ∈ G1513
q13 → q15 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ42 x ∈ G1315
q15 → q11 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 0 ∧ Cvc3 = 1 ∧ σ = σ43 x ∈ G1511
q11 → q15 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ44 x ∈ G1115
q15 → q7 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ45 x ∈ G157
q7 → q15 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ46 x ∈ G715
q15 → q14 i0 = 0 ∨ i0 = 1 ∧ Cvc1 = 1 ∧ Cvc2 = 1 ∧ Cvc3 = 1 ∧ σ = σ47 x ∈ G1514
q1 → q3 i0 = 1 ∧ CV c1 = 0 ∧ Cvc2 = 1 ∧ Cvc3 = 0 ∧ σ = σ48 x ∈ G13
µs
µs
Ω Ω Ω
mH
15V
15V
15V
15V
(a)
E
vc3
vc2
vc1
12V
20V
13V
15V
(b)
E
vc3
vc2
vc1
R−L R = 238,4 Ω L = 2,3 R−L R = 12,4 Ω L = 2,3
is
vc3
vc2
vc1Alto L/R
µs
µs
CONVERTIDOR
FPGA
CARGA
dSPACE
MODULACIÓN
E
SEÑALES
CONTROL
Mediciones de 
tensión y corriente
Reloj interno
3
b)a)
Signo(is )
Signo[e ( vck )]
α*
α*
Signo[e (vck )]
Signo( is )
vc3 vc2 vc1 is

(a)
E
vc3
vc2
vc1
(b)
E
vc3
vc2
vc1
(c)
E
vc3
vc2
vc1
(d)
E
vc3
vc2
vc1
R−L R
Ω L
(a)
1s
is
v0
(b)
1s is
v0
(c)
2ms
is
v0
(d)
40ms
is
v0
R − L R Ω L
Ω Ω
(a)
1s
is
vc3
vc2
vc1
Alta  R
(b)
1s
isvc3
vc2
vc1
Baja  R
(c)
4ms
is
vc3
vc2
vc1
Baja  R
(d)
100ms
is
vc3
vc2
vc1
Alta  R
(a)
40ms
E
vc3
vc2
vc1
(b)
40ms
E
vc3
vc2
vc1
(c)40ms
E
vc3
vc2
vc1
(d)
400ms
E
vc3
vc2
vc1
R− L
R Ω L



vo =
p∑
k=1
(
vck − vc(k−1)
)
· Sk; k : 1, 2, 3
ick = (Sk+1 − Sk) · iS; k : 1, 2
+-
+
-
+
-
v0
+
-
T3 T2 T1
T’3 T’2 T’1
E
R
L
C2 C1
is
ic1ic2
Célula de conmutación
vTk =
(
vck − vc(k−1)
)
· S¯k; k : 1, 2, 3
vTk
′ = (vck − vc(k−1)) · Sk; k : 1, 2, 3
vo vck ick k
vc3 = E vc0 = 0 vTk vTk
′ Tk Tk ′
Sk =
{
1 si Tk encendido para k = 1, 2, 3
0 si Tk apagado para k = 1, 2, 3
Sk Sk
vck =
k
pE for k = 1, 2
E

i˙s
v˙c1
v˙c2
 =

−RL (S1 − S2) 1L (S2 − S3) 1L
(S2 − S1) 1C1 0 0
(S3 − S2) 1C2 0 0

︸ ︷︷ ︸
Aqi

is
vc1
vc2

+

1
L · Sp
0
0

︸ ︷︷ ︸
bqi
E
Aqi ∈ R3×3 bqi ∈ R3×1
·
x(t) = f(x, qi, t) = Aqix+ bqiu
y = h(x, qi, t) = C(qi)x
x = [is, vc1 , vc2 ]
T qi
qi : {S1, S2, S3} p
p = 3 u E
±δ io
iref − δ ≤ io ≤ iref + δ α
imax = E/R R
(P, T,A,w, z) T
CARGA
CONVERTIDOR 
MULTICELULAR
Referencia
de corriente
Medición de 
corriente
Nivel de 
tensión
Medición de la 
tensión de los 
condensadores
Señales 
de control
Modelo de la red de Petri para
el seguimiento de corriente
Modelo de la red de Petri para
la regulación de tensión de los 
condensadores
P
A (pi, tj) pi tj (tj, pj)
pi tj w w(pi, tj)
w(tj, pi) z
z(pi) pi
P1 P2 P3 P4
iref ± δ
P5 P6 P7 P8
S1 S2 S3
S3 S2 S1 vo ic2 ic1 α
q0
q1 E/3 −is
q2 E/3 −is is
q3 2E/3 −is
q4 E/3 is
q5 2E/3 is −is
q6 2E/3 is
q7 E
Sk
v0
is
ick k
α
P1 α = 1
0[V ]
P2
α = 2 13E[V ]
P3
α = 3 23E[V ]
P4 α = 4
E[V ]
I[A]
t[s]
t[s]
imax
(2/3)imax
(1/3)imax
imin
v[V]
E
(2/3)E
(1/3)E
0
Corriente de 
salida is
Corriente de 
referencia iref
Banda de 
histéresis iref ± δ
Síntesis de 
tensión α
α
vj
tj tj
vjk tj
T12 α = 1 ∧ (0 < iref ≤ 13 ima´x) ∧
[
is ≤
(
iref − δ
)]
T21 α = 2 ∧ (0 < iref ≤ 13 ima´x) ∧
[
is ≥
(
iref + δ
)]
T13 α = 1 ∧ ( 13 ima´x < iref ≤ 23 ima´x) ∧
[
is ≤
(
iref − δ
)]
T31 α = 3 ∧ (0 < iref ≤ 13 ima´x) ∧
[
is ≥
(
iref + δ
)]
T14 α = 1 ∧ ( 23 < iref ≤ ima´x) ∧
[
is ≤
(
iref − δ
)]
T41 α = 4 ∧ (0 < iref ≤ 13 ima´x) ∧
[
is ≥
(
iref + δ
)]
T23 α = 2 ∧ ( 13 ima´x < iref ≤ 23 ima´x) ∧
[
is ≤
(
iref − δ
)]
T32 α = 3 ∧ ( 13 ima´x < iref ≤ 23 ima´x) ∧
[
is ≥
(
iref + δ
)]
T24 α = 2 ∧ ( 23 ima´x < iref ≤ ima´x) ∧
[
is ≤
(
iref − δ
)]
T42 α = 4 ∧ ( 13 ima´x < iref ≤ 23 ima´x) ∧
[
is ≥
(
iref + δ
)]
T34 α = 3 ∧ ( 23 ima´x < iref ≤ ima´x) ∧
[
is ≤
(
iref − δ
)]
T43 α = 4 ∧ ( 23 ima´x < iref ≤ ima´x) ∧
[
is ≥
(
iref + δ
)]
P5
P6
S1
P7
S2
P8
S3
P9, P10, P11
P12, P13, P14
T56, T129, t910
α = 2 ∧
[
(vc1 > v
∗
c1 ) ∧ (vc2 < v∗c2 ) ∧ (e1 > e2)∨
(vc1 > v
∗
c1 ) ∧ (vc2 > v∗c2 )
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 3 ∧
[
(vc1 < v
∗
c1 ) ∧ (vc2 > v∗c2 ) ∧ (e1 < e2)∨
(vc1 > v
∗
c1 )
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 4
T57, T1613, t1314
α = 2 ∧ [(vc1 < v∗c1 ) ∧ (vc2 > v∗c2 )] ∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 3 ∧
[
(vc1 < v
∗
c1 )∨
(vc1 > v
∗
c1 ) ∧ (vc2 > v∗c2 )
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 4
T58, T2017, t1718
α = 2 ∧
[
(vc1 < v
∗
c1 ) ∧ (vc2 < v∗c2 )∨
(vc1 > v
∗
c1 ) ∧ (vc2 < v∗c2 ) ∧ (e1 < e2)
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 3 ∧
 (vc1 < v∗c1 ) ∧ (vc2 < v∗c2 )∨(vc1 < v∗c1 ) ∧ (vc2 > v∗c2 ) ∧ (e1 > e2)∨
(vc1 > v
∗
c1 ) ∧ (vc2 < v∗c2 )
 ∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 4
T65, T1011, t1112
α = 1 ∨
α = 2 ∧
[
(vc1 < v
∗
c1 )∨
(vc1 > v
∗
c1 ) ∧ (vc2 < v∗c2 ) ∧ (e1 < e2)
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 3 ∧
[
(vc1 < v
∗
c1 ) ∧ (vc2 < v∗c2 )∨
(vc1 < v
∗
c1 ∧ (vc2 > v∗c2 ) ∧ (e1 > e2)
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)]
T75, T1415, t1516
α = 1 ∨
α = 2 ∧
[
(vc1 < v
∗
c1 ) ∧ (vc2 < v∗c2 )∨
(vc1 > v
∗
c1 )
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 3 ∧ [(vc1 > v∗c1 ) ∧ (vc2 < v∗c2 )]
T85, T1819, t1920
α = 1 ∨
α = 2 ∧
[
vc2 > v
∗
c2 )∨
(vc1 > v
∗
c1 ) ∧ (vc2 < v∗c2 ) ∧ (e1 > e2)
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)] ∨
α = 3 ∧
[
(vc1 < v
∗
c1 ) ∧ (vc2 < v∗c2 ) ∧ (e1 < e2)∨
(vc1 > v
∗
c1 ) ∧ (vc2 > v∗c2 )
]
∧ [(e1 ≥ ε1) ∨ (e2 ≥ ε2)]
P3
P1 P2 P4
T12
T23
T34
T43T32T21
T13
T14
T24
T42T31
T41
α =1 α =2 α =3 α =4
Q = {q0, ..., q7}
Q0 = {q0}
Q1 = {q1, q2, q4}
Q2 = {q3, q5, q6}
Q3 = {q7}
Q Qk ⊆ Q k = 0, . . . , 3
k
k v∗ck k
ek = (vck−v
∗
ck
), para k = 1, 2
P6T56 ,T129
T65 ,T1011
P9
P7
P11
P12
P8
T58 ,T2017
T85 ,T1819
P13
P14
P5
P10
T57 ,T1613
T75 ,T1415
t910 ,v910
t1112 ,v1112
t1314 ,v1314
t1516 ,v1516
P15
P16
P17
P18
P19
P20
t1920 ,v1920
t1718 ,v1718
v∗ck vck k
qi ∈ Q
α
qi
V = 12
p−1∑
k=1
cke2k +
1
2Le
2
i
ei = is − iref
V˙ =
p−1∑
k=1
ckeke˙k + Leie˙i
V˙ < 0
v˙ck V˙
V˙ = e1(s2 − s1)is + e2(s3 − s2)is+
ei [−RI + (s1 − s2)vc1 + (s2 − s3)vc2 + s3E]
qi ∈ Q V˙i
V˙i V˙i < 0
is > 0 α
qi V˙i < 0
qi ∈ Q S3 S2 S1 V˙i V˙ < 0
q0 V0 = −eiRis (is > iref ) ∧
[
0 < iref <
1
3 ima´x
]
q1 V˙1 = −e1is + ei (−Ris + vc1 ) (e1 > 0) ∧ ∀is ∧
[
0 < iref <
1
3 ima´x
]
q2 V˙2 = (e1 − e2)is + ei(−Ris − vc1 + vc2 ) (e1 < 0) ∧ (e2 > 0) ∧ ∀is ∧
[
0 < iref <
1
3 ima´x
]
q3 V˙3 = −e2is + ei(−Ris + vc2 ) (e2 > 0) ∧ ∀is ∧
[ 1
3 ima´x < iref <
2
3 ima´x
]
q4 V˙4 = e2is + ei(−Ris − vc2 + E) (e2 < 0) ∧ ∀is ∧
[
0 < iref <
1
3 ima´x
]
q5 V˙5 = (−e1 + e2)is + ei(−Ris + vc1 − vc2 + E) (e1 > 0) ∧ (e2 < 0) ∧ ∀is ∧
[ 1
3 ima´x < iref <
2
3 ima´x
]
q6 V˙6 = e1is + ei(−Ris − vc1 + E) (e1 < 0) ∧ ∀is ∧
[ 1
3 ima´x < iref <
2
3 ima´x
]
q7 V˙7 = ei(−Ris + E) (is < iref ) ∧
[
iref
( 2
3 ima´x < iref < ima´x
)]
33µF E = 30V R − L R = 33Ω
L = 32mH
tv ≈ 1,42 × 10−5s
ε1 = ±1,5V ε2 = ±2V vc1 vc2
δ = ±0,05× iref
CONVERTIDOR CARGA
TIEMPO
MUERTO
Corriente de
referencia
Red Petri 1 Red Petri 2
dSPACE
1103
iref : constante
SEÑALES
CONTROL
dSPACE 1103 iref
s3 s2 s1
is
vc1
vc2
iref
α s1s2s3
Mediciones de
tensión y corriente
E
vc2 vc1 is
iref : sinusoidal
Estructura de la RP
iref = 0,45A
is vc1 vc2
vo vc1 vc2
vc1 vc2
vc1 , is vc2 , is
a) Regulación de corriente
is
E
vc2
vc1
vo
vc2 vc1
t
t
t
d) Plano de fase vc1 vc2
c) Tensión de salida vo
b) Balance de tensión
vc1
is = 0,45A
a) Plano de fase vc1 is
b) Plano de fase vc2 is
is
is
vc1
vc2
vc1 , is vc2 , is
is = 0,45A
isma´x =
0,4A freq = 1,5Hz = 0,45A
vc1 vc2
vc1 , is vc2 , is
a) Regulación de corriente
is
E
vc2
vc1
vo
vc2
vc1
t
t
t
d) Plano de fase vc1 vc2
c) Tensión de salida vo
b) Balance de tensión
vc1
a) Plano de fase vc1 is
b) Plano de fase vc2 is
is
is
vc1
vc2
vc1 , is vc2 , is

















